The capacity of intact cells of roots excised from summer squash plants (Cucurbita pepo L. cv Early Prolific Straightneck) to synthesize purine nucleotides de AoVO was investigated. Evidence that purine nucleotides are synthesized de nowo included: (a) demonstration of the incorporation of 11-'4Cglycine, 12-'4Cjglycine, NaH"4CO3, and H'4COONa into total adenine nucleotides; (b) observation that the addition of azaserine or aminopterin, known inhibitors of de novo purine synthesis in other organisms, blocked the incorporation of these precursors into adenine nucleotides; and (c) demonstration that the purine ring synthesized from these precursors was labeled in a manner consistent with the pathway for de novo purine biosynthesis found in microorganisms and animal tissues. Under optimal conditions, the activity of this pathway in roots excised from 2-day-old squash plants was 244 ± 13 nanomoles (mean ± standard error, n = 17) NaH14CO3 incorporated into ZAde (the sum of the adenine nucleotides, nucleoside and free base) per gram tissue during the 3-hour incubation period.
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The possible occurrence of alternative enzymic reactions for the first steps of de novo purine biosynthesis was also investipted. Knowledge of the capacity of plant cells to synthesize purine nucleotides de novo is limited (for a recent review, see 26) . Available evidence indicates that in plants, purine nucleotides are synthesized de novo via the same basic pathway known to function in microorganisms and mammalian species. An alternative first step of de novo purine biosynthesis which has been identified in microorganisms and animal tissues (15, 19, 23, 24) has been suggested to also function in higher plants (13) . In this reaction, PRA2 synthesis occurs by the direct amination ofribose-5-P by ammonia. In addition, enzymic synthesis of PRA from PRPP and asparagine by an asparagine-dependent amidotransferase was demonstrated in wheat embryo extracts (13) . Knowl- edge of the capacity of plant cells to utilize NH4+ or the amide group of asparagine for the de novo biosynthesis of purine nucleotides is essential to an understanding of the physiological importance, if any, of alternative pathways for supplying purines de novo to plant cells and to an understanding of higher plant nutrition and nitrogen assimilation.
In this study, the operation of the complete pathway for de novo biosynthesis of purine nucleotides was demonstrated in intact cells of Cucurbita pepo (L. cv Early Prolific Straightneck), and the activity of this pathway under optimal conditions was assessed in roots excised from 2-d-old squash plants. In addition, the ability of asparagine or NH4' to replace glutamine via alternative pathways for the first steps of de novo purine biosynthesis was investigated in both intact cells and cell-free extracts of roots excised from C. pepo.
MATERIALS AND METHODS
Chemicals. All radiolabeled chemicals were purchased from ICN Pharmaceuticals, Inc. Hydrofluor (liquid scintillation cocktail) was purchased from National Diagnostics. Mineral salts (Fisher Scientific Co.) for Shive's nutrient solution were of analytical reagent quality. All other chemicals were purchased from Sigma Chemical Co. except DONV, which was generously provided by R. E. Handschumacher.
Determination of Radioisotope Content. To determine the content of radioisotope, samples were prepared as described in the text. In all cases, the samples (4 ml final volume) were subsequently diluted with 13 ml of Hydrofluor and the activity of radioisotope measured by using a Beckman LS 100 liquid scintillation spectrometer.
Plant Material. Seeds of summer squash (Cucurbita pepo L. cv Early Prolific Straightneck), courtesy ofthe Joseph Harris Co., Inc., were imbibed in distilled H20 at room temperature. After 24 h, the seeds were rinsed three times with distilled H20, spread evenly between two sheets of paper toweling placed in a plastic box (33 x 23 x 9.5 cm), and moistened with 7 ml of distilled H20. The covered box was placed in a growth chamber where the seeds germinated in the dark for 48 h at 30°C. At the end of the germination period, the roots (generally 2-4 cm long) were excised, pooled, and immediately weighed into specific aliquots which were maintained between sheets of wet paper towels until weighing was completed. Approximately seven to eight roots were needed to obtain 150 mg fresh weight tissue.
Incorporation of Radiolabeled Precursors into Adenine Nucleotides, Nucleoside, and Free Base (ZAde). Samples consisting of 150 mg fresh weight of excised roots were routinely preincubated for 2 h at 30°C in 5 ml Shive's nutrient solution [5 mm Ca(NO3)2, 2 mm MgSO4, 2 mm K2SO4, 1 mm KH2PO4, 1 mg Fe/ 1, 0.13 mg Cl/l, 1 mg Mn/l, 0.1 mg Zn/l, 0.1 mg B/1, 0.01 mg Cu/l, and 0.01 mg Na/l] adjusted to pH 7.4. At the end of the preincubation period, the nutrient solution was decanted, and the roots were immediately transferred to fresh Shive's nutrient solution supplemented with one of the following radiolabeled precursors at the final concentration and specific radioactivity indicated: 2 mm [1-'4C] or [2-'4C]glycine, 4000 dpm/nmol; 25 mM H'4COONa, 1800 dpm/nmol; 2 mM DL-[3-'4C] serine, 1730 dpm/nmol; or 25 mm NaH'4CO3, 2640 dpm/nmol; and any other additives in a final volume of 5 ml, pH 7.4. Reaction mixtures were incubated for 3 h at 30°C in a water bath-shaker.
Incubations were carried out in 25-ml Erlenmeyer flasks sealed with rubber stoppers. When the decarboxylation of ['4C]glycine was being measured or NaH'4CO3 was employed as the precursor, the rubber stoppers were fitted with a plastic center well (Kontes Glassware, Vineland, NJ) containing a filter-paper wick. In the glycine cleavage assay, the center wells contained 0.3 ml of 20% KOH during the incubation. For NaH'4CO3, 0.5 ml of 6 N KOH was injected into the plastic center wells at the end of the incubation period. In all cases, reactions were terminated by injecting 1 ml of 6 N HC104 into the main chamber of the flask.
When '4C02 was being trapped, it was allowed to distill from the acidified incubation mixture into the KOH in the center well for an additional 10-min incubation at 30°C. To quantitate the amount of '4CO2 generated from ['4C]glycine, the center wells were transferred to scintillation vials containing 3.7 ml of H20, and the content of radiolabel was determined as described above. The contents of the main chamber were homogenized with a Polytron homogenizer (PCU-2, Brinkman Instruments), and the insoluble material was removed by centrifugation at l0,OOOg for 10 min at 0°C. The adenine nucleotides and adenosine synthesized by the roots from radiolabeled precursors were converted by acid hydrolysis to adenine by heating the acid-soluble supernatant fraction at 100°C for 1 h prior to neutralization with KOH. Total adenine was isolated from the neutralized acidsoluble fraction by co-crystallization with carrier adenine by the method of Wendler and Tremblay (28) , except that samples were recrystallized to a constant specific radioactivity per 20 mg of crystals dried to a constant weight at 80°C. This modification eliminated the need to measure the optical density of the samples in order to determine the quantity of adenine present in each. (4) . Marker adenine, run in parallel with the samples, was located with a UV light, and the corresponding areas from the chromatograms of the samples were cut out and eluted with 10 ml of 0.5 N HCI for determination of the content of adenine and radioisotope. Adenine concentration was determined by measuring the A at 260 nm of a 1:60 dilution in 0.01 N HCI. The content of radioisotope in 4 ml of eluant was determined as described above.
Glycine Synthesis. The incorporation of NaH'4CO3 into glycine was assayed under the same conditions as described for the incorporation of NaH'4C03 into 2LAde with the exception that the acid-soluble fraction was not subjected to acid hydrolysis before neutralizaton. The reactants and products in the neutralized acid-soluble fraction were separated by TLC on sheets of PEI cellulose F (E. M. Reagents, Inc., Cincinnati, OH), using 1-butanol:acetone:water:diethanolamine (20:20:10:3, v/v/v/v) as the developing solvent (5). This procedure successfully separated glycine and serine which were visualized by 0.4% ninhydrin in 1 -butanol and located alongside their respective commercial standards. The area of the chromatogram that co-chromatographed with glycine was cut out of the chromatogram and transferred to a scintillation vial containing 4 ml of H20 and 13 ml of Hydrofluor. The content of radiolabel was determined as described above.
Distribution of 14C in the Adenine Ring Synthesized from Various Radiolabeled Precursors by C. pepo. The incorporation of radiolabeled precursors into LAde and isolation of adenine were carried out as described above. In all cases, 20 mg of adenine crystals, recrystallized to a constant specific radioactivity, were reacted in a 25-ml Erlenmyer flask sealed with a rubber stopper from which was suspended a plastic center well containing 0.3 ml of 20% KOH and filter-paper wick. At the end of an experiment, the center well and its contents were transferred to a scintillation vial containing 3.7 ml of H20; the amount of radioisotope released as '4CO2 and distilled into the KOH was determined.
Release of C2. The method of Proiser and Serenkov (22) was used to release the position 2 carbon of the adenine ring as CO2. Adenine crystals were heated in a sealed flask at 85C in a water bath in the presence of 0.5 ml of 1 N KOH. After 30 min, 2 ml of 0.5 N H2SO4 was injected into the main chamber of the flask, and the sample was heated for an additional 30 min. At the end of the digestion period, 2 ml of 0.1 M NaHCO3 was injected into the main chamber ofthe flask, and the sample was gently agitated at room temperature. After 30 min, the amount of radioisotope trapped in the center well was determined.
Release of C2, C6, C8. The collective release of the carbons from positions 2, 6, and 8 of the adenine ring as CO2 was accomplished according to the method of Cavalieri et al. (3) . Adenine crystals dissolved in 4 ml of H20 containing 0.2 ml of concentrated H2SO4 were heated in a sealed flask in a boiling water bath. After 30 min, 1.9 ml of 0.4 M KMnO4 was added dropwise, and the samples were heated in a boiling water bath for an additional 20 min. The amount of radioisotope collected in the center wells was determined.
Release of C*, C5. Adenine was degraded to glyoxylic acid, and carbons in positions 4 and 5 of the adenine ring were released from glyoxylic acid using the method of Edson and Krebs (7). The adenine ring was initially degraded by the method of Proiser and Serenkov (22) for the removal of carbon 2 as described above, followed by oxidation with 0.6 ml of 0.4 M KMnO4 at 85C for 1 h. The KMnO4 was decomposed with 2 ml of 3% H202 added dropwise with constant stirring. The sample was transferred to a centrifuge tube, and the Erlenmyer flask was rinsed with three 0.35-ml aliquots of 90C H20, which were subsequently added to the centrifuge tube. The sample was spun at 10,000g for 5 min. The pellet was washed with 0.5 ml of H20 and centrifuged a second time. The supernatant fractions from the two centrifugations were combined in a 25-ml Erlenmeyer flask and made alkaline with 0.4 ml of 2 N NaOH. The sample containing glyoxylic acid was heated for 15 min in a boiling water bath, cooled, and adjusted to pH 7.0 with I N acetic acid.
To remove urea present in the sample, 0.2 ml of H20 containing five units of urease Type III (Sigma) was injected into the main chamber of the flask. The sample was incubated for 60 min at 30C in a water bath-shaker. The reaction was stopped with 0.25 ml of 12 N H2SO4. The flask was sealed as described above, and the glyoxylic acid was oxidized with 0.6 ml of 0.4 M KMnO4 injected into the main chamber of the flask. The sample was incubated for 3 h at 37C in a water bath-shaker. At the end of the incubation period, 0.2 ml of 0.1 M NaHCO3 was injected into the main chamber of the flask. After 30 min in the water bath-shaker, the amount of radioisotope trapped in the center well was determined.
Detection of Enzymic Activities in Cell-Free Extracts. In all cases, enzymic activities were measured in cell-free extracts prepared from roots excised from 2-d-old C. pepo seedlings. Roots were homogenized with a Duall all-glass conical tissue grinder in the specified buffer to give a 20% homogenate (w/v). The homogenate was centrifuged at I0,000g at 0°C for 10 min, and the supematant fraction served as the source of enzyme. In each case, the protein content of this fraction was determined by the Bradford method (2 Putative GAR and FGAR were located on the chromatograms by identifying a region that was: (a) ninhydrin-positive; (b) orcinol-positive; and (c) radio-labeled. (The chromatogram was cut into sections 2.5 cm wide x 1.25 cm high which were each transferred to a scintillation vial containing 4 ml of 0.01 N HCI and 13 ml of Hydrofluor; content of 14C in each section was determined as described above.) In addition, in subsequent experiments the content of radio-label was shown to be dependent upon inclusion of the cell-free extract, PRPP, and L-glutamine in the reaction mixture and to be diminished by the addition of azaserine to the assay. The identity of GAR and FGAR was confirmed by RF values upon rechromatographing the eluate of the putative GAR-FGAR chromatographic area on PEI cellulose sheets (J. T. Baker Chemical Co.) using isopropanol:H20:10 N HCI (66:33:1, v/v/v) as the developing solvent (17, 27) .
Asparaginase. Asparaginase activity was demonstrated in cellfree extracts of C. pepo by the method of Pauling and Jones (21) . Ammonium ion production was measured spectrophotometrically in the presence of excess NADH, a-keto glutarate, and commercial glutamate dehydrogenase.
The plant enzyme was extracted in 40 mm phosphate buffer (pH 7.4) as described above. The complete reaction mixture contained in a final volume of 2 ml: 40 mM phosphate buffer (pH 7.4); 20 mM L-asparagine; and 1 ml of enzyme preparation.
After 30-min incubation at 25°C, the reaction was terminated by adding 0.5 ml of 10 N HCI. Precipitated protein was removed by centrifugation at 10,000g at 0°C for 10 min, and the supernatant fraction was neutralized (pH 7.2-7.4) with 6 N KOH. Content of free ammonium ions in a 0.4-ml sample of the neutralized acid-soluble fraction from the reaction mixture was determined in a 1-ml reaction volume of the following composition: 0.4 ml of the neutralized acid-soluble fraction; 120 mm phosphate buffer (pH 7.4); 200 ,M NADH; 0.2 M a-ketoglutarate; and 12 units glutamate dehydrogenase (Sigma, Type II) (1 unit reduces 1.0 ,umol of a-ketoglutarate to L-glutamate/min at pH 7.4 and 25°C in the presence of free ammonium ions). The reaction was allowed to run to completion at 25°C, and A366 nm was determined. The complete reaction mixture but without the added asparagine, incubated for 30 min, served as the blank. The assay was linear for ammonium ion concentrations from 0 to 200 nmol.
Glutamine Synthetase. Glutamine synthetase activity was assayed by the formation of y-glutamyl hydroxamate by a modification of the method of McCormack et aL (18) . The addition of 0.5 ml of cell-free extract prepared in 0. (Table I) ; (b) observation that the incorporation ofcarbons 1 and 2 of glycine is equal and, therefore, consistent with the incorporation of glycine as an intact molecule (Table I) ; and (c) demonstration that the addition of known inhibitors of de novo purine biosynthesis in microorganisms and animal tissues (azaserine, a glutamine analog, or aminopterin, an inhibitor of tetrahydrofolate formation) reduced the incorporation of these precursors into adenine nucleotides in C. pepo (Table I ). Significance should not be attached to the variations in sensitivity of precursor incorporation to the presence of inhibitor. Such variations probably arise from differences in the rate of appearance of label in the adenine ring relative to the rate of uptake of the inhibitor. In addition, it was demonstrated that the purine ring of the adenine nucleotides synthesized by squash roots from these precursors was labeled in a manner consistent with the pathway for de novo purine biosynthesis found in microorganisms and animals (Table II) . Evidence was provided by experiment 1 in Table II that carbon 2 of the purine ring synthesized by C. pepo originated in formate. In experiment 2, where carbon 8 of the purine ring was released in addition to carbon 2, there was a corresponding increase in the amount of radiolabel recovered from adenine crystals labeled with ['4C]formate. In this experiment, carbon 6 of the adenine ring was also released, and a corresponding increase in the per cent of radiolabel recovered from NaH'4C03-labeled adenine was observed that did not occur in experiment 1 or 3. The relatively high per cent of radiolabel recovered in experiment 2 from both the ['4C]glycine-labeled (26) . The capacity of squash roots to utilize the p carbon of serine in the de novo biosynthesis of purine nucleotides was confirmed by measuring the incorporation of [3-"'C] serine into adenine nucleotides: 261 ± 7 nmol (mean + SE, n = 4) [3-'4C]serine were incorporated into LAde per gram tissue during the 3-h incubation period. Despite the high rates of glycine decarboxylation, glycine synthesis, and the incorporation of the A carbon of serine into adenine nucleotides, the results of this labeling study provide additional evidence demonstrating that the synthesis of purine nucleotides de novo in plants is consistent with the pathway known to operate in microorganisms and mammals.
Identity of the Metabolite of NaH"'CO3 that Co-Crystallizes with Carrier Adenine. The reliability of the procedure for the recovery of ["'C]adenine by co-crystallization with carrier was verified by paper chromatography in three different solvent systems. The radiolabeled metabolite of NaH'4CO3 isolated by co-crystallization with carrier adenine co-chromatographed with commercial adenine. In addition, chromatography of the carrier adenine containing the metabolite of NaH'4C03 synthesized by the squash roots did not result in a change in its specific radioactivity. The specific radioactivity of adenine recrystallized to a constant specific radioactivity was 29,451 dpm/A260nm before chromatography and 29,052, 29,359, and 30,884 dpm/A260nm after chromatography in solvent systems A, B, and C, respectively.
Optimal of glutamine, asparagine, urea, or NH4Cl up to a final concentration of 10 mm did not stimulate the incorporation of Na-H'4C03 into ZAde, demonstrating that nitrogen was not limiting to purine synthesis under the assay conditions employed. Addition of 0.1 M sucrose or 0.1 M a-D-glucose did not significantly stimulate the incorporation of NaH'4CO3 into LAde, indicating that roots did not require substrates for respiration during the 3-h incubation. Supplying exogenous glycine, formic acid, aspartic acid, or D-ribose did not significantly stimulate the incorporation of NaH'4CO3 into E2Ade, demonstrating that these compounds were not limiting to de novo purine biosynthesis in intact cells of 2-d-old squash plants when this protocol was used to assay the activity of the pathway. Specific Requirement for Glutamine for De Novo Purine Biosynthesis in C. pepo. The direct enzymic synthesis of PRA from ribose-5-P and ammonia was demonstrated in cell-free extracts prepared from roots excised from 2-d-old squash plants. This alternative enzymic reaction was distinguished from the enzymic synthesis of PRA by L-glutamine-PRPP amidotransferase on the basis of nitrogen source specificity and sensitivity to inhibition by azaserine (Table III) . L-Glutamine was utilized far more effectively than L-asparagine or NH4Cl as a nitrogen source in the presence of PRPP, and the incorporation of ['4C]glycine into the combined GAR-FGAR fraction was inhibited by azaserine. In the presence of ribose-5-P, ammonia and asparagine served as nitrogen sources for PRA synthesis. Incorporation of ['4C] glycine into the combined GAR-FGAR fraction in the presence of ribose-5-P and L-glutamine was not significantly greater than the no-enzyme control. In addition, azaserine caused the accumulation of the radiolabel from ['4C]glycine in GAR and FGAR when ammonia was provided as the nitrogen source with ribose-5-P. Evidence for the enzymic synthesis of PRA by a pathway that does not derive its nitrogen from glutamine is provided by the observation that PRA synthesis was not dependent upon the prior incorporation of ammonia into glutamine. When NH4Cl or L-asparagine was supplied with ribose-5-P, the incorporation of ['4C]glycine into GAR and FGAR was not reduced by the addition of 1 mM MSO, a known irreversible inhibitor of glutamine synthetase in plants and animals (Table III) (6, 25) . Glu- Table III . Phosphoribosylamine Synthesisfrom PRPP and Ribose-5-Phosphate Each reaction mixture contained the following components at the given concentrations in a final volume of 1 ml: 25 mM Tris buffer, pH 8.0; 5 mM MgCl2; 5 mM ATP; 15 mM [1-'4C]glycine, 733 dpm/nmol; 5 mM PRPP or 15 mM ribose-5-P; 15 mM L-glutamine or 15 mM NH4Cl or 15 mM L-asparagine; and 0.5 ml of enzyme preparation. When added, azaserine and MSO were provided at a final concentration of 1 mM. GAR and FGAR were isolated by TLC using n-butanol:acetic acid:H20 (4:1:5, v/v/v). Data are the results of two to four experiments with the number of experiments given in parentheses. Where appropriate, the data are presented as mean nmol product ± SE. .90 (2) + NH4CI, + MSO <37 (2) s57 (2) + Asparagine, + MSO c25 (2) :65 (2) tamine synthetase from squash roots was shown to be inhibited more than 50% by 1 mM MSO (Table IV) .
GAR-FGAR Synthesized
Reliability of this method for isolating GAR and FGAR was confirmed by rechromatographing the eluate of the putative GAR-FGAR area of the chromatogram developed in n-butanol:acetic acid:H20 (4:1:5, v/v/v) (Fig. 2) on PEI cellulose sheets using isopropanol:H20:10 N HC1 (66:33:1, v/v/v) as the developing solvent as described by Warren and Buchanan (27) and Martin and Owen (17) . When the putative GAR-FGAR from two separate experiments was rechromatographed, 67% and 46% of the radiolabel in each experiment was recovered at RF 0.4, the RF value of authentic GAR (17, 27) , and 51% and 41% was recovered at RF 0.75, that of authentic FGAR ( 17, 27) . The recovery of radiolabel at RF 0.4 and 0.75 was not influenced by whether the substrates were L-glutamine and PRPP or NH4Cl and ribose-5-P.
To investigate the possible role of L-asparagine in supporting de novo purine synthesis in intact cells, the L-asparagine analog DONV was added to the preincubation and incubation mixtures. DONV is known to inhibit asparaginase (9), but it is not known if it inhibits other L-asparagine-utilizing enzymes. Asparaginase activity in cell-free extracts of 2-d-old squash roots was 920 ± 127 nmol (mean ± SE, n =3) per mg protein in 30 min and was completely inhibited by 1 mm DONV. The addition of 1 mm DONV to assays employing intact cells inhibited the incorporation of NaH14CO3 into 2LAde approximately 50% (maximum inhibition of 70% was achieved with concentrations of 5 mm or higher). L-Glutamine completely reversed this inhibition in intact cells ( Table V) , indicating that DONV does not inhibit the synthesis of PRA by L-glutamine-PRPP amidotransferase nor any other steps in the de novo biosynthesis of adenine nucleotides. NH4C1 or L-asparagine did increase de novo purine synthesis in the presence of DONV (25% and 30%, respectively) but failed to completely reverse this inhibition; aspartic acid had little effect (Table V) . The failure of aspartic acid to reverse the inhibition by DONV implies that asparagine does not serve as an important source of aspartic acid for the synthesis of adenine nucleotides. These data taken together suggest two possibilities: (a) that L-asparagine may be used directly as a source of nitrogen for the de novo biosynthesis of purine nucleotides via an enzyme that is inhibited by DONV, or (b) that L-asparagine provides NH3 for purine synthesis or glutamine synthesis through the action of asparaginase which was demonstrated to be inhibited by DONV.
To examine these possibilities, glutamine synthetase was inhibited by the addition of I mM MSO. A concentration of 1 mM or greater maximally inhibited the activity of glutamine synthetase in cell-free extracts prepared from 2-d-old squash roots (Table IV) . Maximum inhibition of the incorporation of NaH'4C03 into 2:Ade in intact squash roots was also achieved with 1 mm MSO. The reduction in incorporation was consistently only 10% to 15%. Increasing the concentrations of MSO to 10 mM did not increase the per cent inhibition (Table VI) .
L-Glutamine completely reversed the inhibition of de novo purine synthesis by MSO and significantly stimulated the incorporation of NaH'4CO3 into ZAde, providing further evidence that the enzymes of the de novo purine pathway are not inhibited by MSO. Therefore, if L-asparagine or NH3 is used directly for the synthesis of purine nucleotides, the presence of MSO should not compromise its ability to support the de novo synthesis of adenine nucleotides. On the other hand, if L-asparagine and NH4C1 simply provide a source of NH3 for the synthesis of glutamine, the addition of MSO will inhibit their ability to support de novo purine synthesis. In the presence of MSO, Lasparagine and NH4CI failed to reverse the reduced incorporation of NaH'4C03 into ZAde. Thus, L-asparagine is most likely a source of ammonia for the synthesis of glutamine used for the de novo biosynthesis of purine nucleotides in C. pepo.
DISCUSSION
Squash roots possess a full complement of enzymes for the de novo biosynthesis of adenine nucleotides. The occurrence of the classical pathway for the de novo biosynthesis of purine nucleotides was suggested by demonstration of the incorporation of several radiolabeled precursors into adenine nucleotides, inhibition of this incorporation by known inhibitors of de novo purine biosynthesis in microorganisms and animal tissues, and demonstration that the purine ring is labeled by these precursors in a manner consistent with the known pathway for de novo purine synthesis in microorganisms and animals.
The capacity of 2-d-old squash roots to synthesize purine nucleotides de novo was assessed by measuring the activity of the de novo purine pathway in intact cells under optimal conditions; 244 ± 13 nmol (mean ± SE, n = 17) NaH'4CO3 were incorporated into ZAde per gram roots during the 3-h incubation period. In this same tissue, the level of de novo biosynthesis of pyrimidine nucleotides under optimal conditions was 144 ± 10 nmol (mean + SE, n = 15) NaH'4C03 incorporated into ZUMP per gram roots during the 3-h incubation period (16) . In comparison, Atkins et al.
(1) observed rates of de novo purine biosynthesis in root nodules of 1.1 nmol/h .g fresh weight of nodule tissue from Lupinus albus, a legume that exports asparagine as the major product of nitrogen fixation, and 600 nmol/h-g fresh weight of nodule tissue from Vigna unguiculata, a ureide-producing legume.
The first step committed to de novo biosynthesis of purine nucleotides by the classical pathway has been established to be the formation of phosphoribosylamine from PRPP and glutamine, catalyzed by the enzyme L-glutamine-PRPP amidotransferase (EC 2.4.2.14) (8) . The existence of this enzyme in biological systems appears to be ubiquitous. Evidence of an alternative pathway for the synthesis of phosphoribosylamine from ammo-
